~/ The intracranial pressure-volume (PV) relationship was examined postoperatively after removal of brain tumors in two groups of patients (13 in all). Changes of ventricular fluid pressure were analyzed by a method involving fluid injection into the lateral ventricle. A technique has been developed which provides quantitative data on the PV relationship with minimal error. The results confirm the exponential nature of the PV relationships. Various parameters characterizing the intracranial volume compliance, the cerebrospinal fluid pressure, and their interrelationship were investigated. It was found that 1) intracranial PV dependence is accurately defined by three parameters; 2) in patients who are not critically ill, AP/AV at P = P .... does not vary statistically, and may be used as one of the important parameters to determine the regulation of the intracranial PV relationships. Examples are presented of the use of the data from the PV test for the control of the intracranial PV relationship. Examples are also given of the computation of volume redistribution in the cranium, both spontaneous and evoked by clinical tests. Analysis of the results allows the conclusion that the intracranial volume compliance concerned is an active compliance, which is controlled by the systems maintaining brain function.
F
OR a long time, physiologists and clinicians have studied the pressure-volume (PV) relationships of the cranial contents. 2~ Interest in this problem has considerably increased in recent years. There is an urgent need to solve problems associated with cerebrospinal fluid (CSF) dynamics and the cerebral blood circulation, and their disturbance in different forms of intracranial pathology. Theoretical and clinical aspects of the relationship between changes in CSF pressure and increased intracranial volume have been considered by some authors. 1,3,5-7,1~ Various methods have been proposed for expressing the PV relationship quantitatively, as a basis for understanding experimental and clinical data.
At the present time, it is generally accepted that the dependence between CSF pressure and increased intracranial volume is exponential. This enables us to describe the biophysical properties of the contents of the cranial cavity and spinal canal in terms of certain parameters. The two indices, the so-called "volumepressure response" (VPR) 13 and the craniospinal "pressure-volume index" (PVI), 1~ are widely used in experimental and clinical research as well as in theoretical calculations 3,23 for studying the interdependence between changes in CSF pressure and intracranial volume.
In clinical investigations, the VPR is measured as the response to a single rapid infusion of a known volume of fluid. ~3 This method defines the PV relationship only when intracranial pressure (ICP) is near the preinjection (baseline) value; it does not indicate what the pressure response may be at other levels of ICP in the physiological range. Therefore, this method does not identify the PV characteristic of a given craniospinal system in a wider but physiologically admissible range of mean pressure changes. This deficiency is avoided in an alternative method, involving controlled alteration of CSF volume in a physiologi- cally admissible range of induced ICP changes. We have used this latter method, and the approximation of the PV dependence in the form P = Pi, • 10 (AV/ PVI),* in calculating the PVI in neurosurgical patients. However, we have found that this mode of calculation is often associated with significant error.
We have therefore sought a more universally useful way to define the PV characteristic of the craniospinal system with the least possible error, and to compare the PV relationship in patients with different neurosurgical pathological conditions, and the most significant signs that would allow us to diagnose intracranial pathology (including patients without substantial disturbances of CSF and hemodynamics). For this purpose, we have analyzed experimental and clinical data from the literature, together with the results of our own clinical investigations. Analysis of the PV relationship in the cranial cavity includes the physics and mechanics involved, some of which were given thorough and detailed consideration in hydrocephalic patients by Hakim, et al? However, the functioning intracranial system must be considered in conjunction with the blood circulation, and the respiratory and other physiological systems. Equilibrium in these systems and, as a result, in the CSF pressure is maintained by biological mechanisms of adaptation. Therefore, investigations of quantitative relationships between CSF pressure, tissue stress, interstitial fluid pressure, and the volume of the compartments (or components) located in the intracranial cavity present biomechanical and physiological problems.
* See Definitions of Abbreviations.
In this presentation, we have considered some fundamental theoretical and pathophysiological aspects in the study of the PV relationship in the cranial cavity, and in the use of the PV test for defining the adaptability of the nervous system to intracranial volume changes.
Clinical Material and Methods
Intracranial pressure monitoring and investigation of the reaction of the intracranial system to a controlled change of volume (volume "compliance" of the intracranial contents) were carried out in two groups of patients. The first group consisted of six patients operated on for removal of parasellar tumors (meningiomas of the sella turcica and of the sphenoid wings). The second group consisted of seven patients operated on for removal of tumors from the posterior fossa (tumors of the vermis and the cerebellar hemisphere, meningiomas of the cerebellopontine angle, and neurinomas of the eighth nerve). Investigations were carried out during the first 3 to 4 days after the operation. The results were used in planning the postoperative care of the patient.
Pressure in the ventricular system was measured using the methods described earlier, s,15 For this purpose, at the end of the operation a catheter, 2 mm in diameter, was inserted into the anterior or posterior horn of the lateral ventricle. This also made it possible in the postoperative period to monitor the acid base state of the CSF and to evaluate the results of the therapy dictated by this factor. A three-way tap was used to connect the catheter to an electromanometric measuring systemt and to a syringe for controlled measurement of CSF volume alterations. A recording device~: was used which allowed pressure registration in rectangular coordinates. The results of these measurements were analyzed by computer.
Usually, at the beginning of the investigation, after a short period of recording the initial or "baseline" CSF pressure, 4 to 5 ml of CSF was withdrawn for biochemical analysis. After time was allowed for return to baseline values, the PV relationship of the craniospinal system was measured. For this purpose, sterile saline was injected into the ventricular system by syringe through a three-way tap at a constant flow which varied with each patient from 4 to 12 ml/min. Alterations in the ventricular CSF pressure were controlled and recorded. The fluid injection was usually stopped when ICP reached 35 to 45 mm Hg. In exceptional cases, the mean ICP reached 50 to 60 mm Hg, but did not exceed the level at which pronounced disturbances of cerebral hemodynamics might begin, as judged by the published data. 1,2,~ The range of alteration in this test was consistent with the range of t Electromanometric measuring system manufactured by Elema-SchSnander, Stockholm, Sweden.
Recticorder manufactured by Nihon Kohden Kogyo Co., Ltd., Tokyo, Japan.
other CSF dynamic loads (Queckenstedt's test, CO2 load, breath-holding) used in the clinic for diagnostic purposes.
The infusion of fluid into the ventricles, with monitoring of pressure during the PV test, usually elicited no sensations in our patients; most paid no attention to the procedure. In only five cases did our patients complain of some exacerbation of a headache, a feeling of sickness, or heart palpitation. The CSF pressure usually decreased spontaneously after the infusion, and a few minutes later returned to mean "baseline" levels. If this decrease did not take place, we withdrew a volume of fluid. We did not observe any subsequent complications connected with the PV test procedure.
Volume disturbances in the cranial cavity during the PV test may be partially due to the non-elastic properties of the intracranial contents, including inertia and friction. These disturbances may be particularly pronounced in rapid volume changes taking place over fractions of a second or even less (for example, a very rapid local fluid injection into CSFcontaining cavities). With very slow volume infusions that last 10 minutes or longer, changes in pressure will be affected not only by CSF production and resorption processes, but probably by the whole complex of slow functional accommodation in the nervous system. An intermediate response is achieved with shortterm infusions in which the mechanical inertia and friction on the one hand and the exchange processes (including those of CSF dynamics) on the other are not significant. We believe that, in man, the rate of such volume changes lies within the range of 5 to 15 ml/min (or 1 ml in 4 to 12 seconds). We used this particular range of infusion rates in our study of PV relationships.
Theory of the Pressure-Volume Test
The dependence of the mean value of the intracranial CSF pressure P on the additional intracranial volume V is approximated 1~ by the exponential equation where Pin is the initial pressure, and PVI represents the volume compliance of the craniospinal system. From the above formula, it follows that AP ~ logolO x P; AV PVI that is, the slope E of the PV relationship is directly proportional to the value of the intracranial CSF pressure. In a semilogarithmic scale, the dependence between V and P, with the above-mentioned method of approximation, can be represented in the form: log P = constl + const2 x V, where constl,2 are arbitrary constants; thus, the logarithm P is a linear function of V (the dimensional nature of P is disregarded). Although the above-mentioned methods of approx-E. I. Paltsev and E. B. Sirovsky imation are admissible, as has already been said, they may involve a significant error. Figure 1 illustrates examples of these different ways of approximating an experimental curve. Reduction of the approximation error seems to be of importance since a significant error may lead to erroneous conclusions in the analysis of the results. Thus, there arises a problem of finding a method of approximating the PV relationship, which is nearly exponential in nature, and which would give the least possible error. Our investigations, as well as our analysis of the results of other researchers, 1,13,2z show that in the majority of cases the dependence of the slope E of the characteristic (E = Ap/AV) at pressures lower than 50 to 60 mm Hg is approximated satisfactorily by a linear function of the form E (P) = a • P + b, where b # 0, and a and b are arbitrary constants. The regression equation between Ap/AV and P, considered to be random quantities, is a linear function. Taking this into account, and also the mathematical calculations given in the Appendix, the formula for the approximation of the PV curve with least error is
where e av is the exponential multiplier. We used this formula as the basis for our approximations of the experimental PV characteristics in this study and for a quantitative description of the reaction of the intracranial system to intracranial volume alterations.
Computer Techniques for Analysis of Pressure-Volume Data
The quantitative analysis used in the approximation was based on the method of finite increments and least squares. Changes in the mean pressure increments (AP) in response to each volume increment (AV) of 0.5 or 1 ml were investigated during the introduction of fluid. The parameters characterizing the PV relationship were calculated by computer (see the Appendix).
The calculation of parameters was carried out by the computer after the input of data of finite increments AP and AV, as measured from the PV test. The calculation used an algorithm, which was analogous to the algorithm for the calculation of the linear regression equation by the least-squares technique.
The dependent values were the mean increments AP in response to each single AV (the steps of the increments during continuous infusion of fluid) and the mean pressure, established at the end of each single increment of infusion (Fig. 1 a) .
The value of the change of mean pressure level (AP) measured from Pin, which is the response to the infusion of the first volume increment (that is, 1 ml), was taken for VPR in accordance with the approximating formula given in the Appendix: VPR = AP = (a x Pin + b) X 1 ml. The PVI (that volume which increases the pressure level by l0 times) was also calculated from the formula for ascertaining the ap- 
Results
The increase in the rate of pressure rise as the volume introduced increases was not so pronounced in the first group of patients with supratentorial pathology as it was in the second group of patients with subtentorial pathology. In other words, as pressure increased, the PV characteristics of the patients of the second group exhibited a greater curve than in the first group. This type of difference in the PV characteristics of these two groups is reflected in the differences of the dependence AP/AV on the value of the intracranial CSF pressure in the pressure range chosen in our investigation.
The results of computer processing of the PV characteristics recorded by us and calculations of the corresponding parameters are presented in Tables 1  and 2 . The tables include two groups of samples, both with 16 measurements. It may be seen that the parameters and indices introduced for.the analysis of the PV relationship of the intracranial system vary. This circumstance is reflected in the difference in the position relative to the x and y axes of each of the dependences E (P) approximated by a linear function: for the first group of patients most of the lines cross the E axis, whereas for the second group they cross mainly the P axis (Fig. 2) . Table 3 summarizes the results of statistical treatment of the data presented in Tables 1 and 2 for the purpose of identification of the signs (parameters) in which the groups under investigation differ with statistical significance. From Table 3 , it is seen that the mean values of the following parameters differ with statistical significance: CSF pressure P; the indices PE1, PE2; the value of VPL, which is the additional volume required to increase the initial pressure e = 2.72 times; and also Per = (1 --PE2)/PE1, which is the critical intracranial CSF pressure at which AP/AV = 1 mm Hg/ml, that is, AP/AV for the norm. 4,e~ As is seen from Table 3 , the differences in such parameters as PVI and VPR for the two groups of patients were not statistically significant. Mean values of AP/AV at P = P .... that is Ec --PE, x Pn~c + PE2, where Ec is the "baseline" slope of the PV characteristic in a given patient, proved to be similar for both groups and with small standard error of the mean value (SEM).
Discussion
The results obtained confirm the exponential nature of the PV relationship in the cranial cavity. However, it is our belief that modification of the general elastance equation (AP/AV = a • P) to include a constant (AP/AV = a • P + b) provides a better characterization of the PV curve. The fact that the constant, b, cannot be considered negligible is clear from the results of this study (Tables 1 and 2 , where a = PE,, The form of the PV dependence and the necessity to use two parameters for an empirical description of the PV curve in the pressure range 10 to 50 mm Hg is probably not connected with the "high" rate of the fluid infusion into the ventricles. In our investigations, this rate was in the range of 4 to 12 ml/min; that is, it is relatively small because a single l-ml injection was infused during 5 to 15 seconds. This rate is significantly lower than in the method used by Miller, et al., '~ in which a small volume (1 ml) is injected during 1 second (a rate of infusion of 60 ml/min).
Our method of determining the PV curve approximation does not appear to be connected with the infusion volume. This conclusion follows also from analysis of the results of other investigations I in which a small volume was used, and the Ap/AV (AV is constant) was found to depend linearly but not directly proportionally on the pressure level when pressures were in the range of 10 to 60 mm Hg.
We believe that our method of approximation of the PV curve is universal in the sense that it includes the usual approximation in any particular case. So, if PE2 (or the b parameter) is approximately zero (Case 10, Table 1 and Cases 3 and 10, Table 2 ), then the PV dependence is a pure exponential curve: P = Pin X e axv. In other cases, the use of two parameters (PE2 # 0) minimizes the error. Thus, the description of the PV dependence of a given intracranial system may be made more accurate by the use of the parameters PE1, PE2, Ec, and Pc~ (Tables 1, 2, and 3) .
The data we obtained show that the PV dependence of both supra-and subtentorial pathology is similar in its exponential character. Statistically significant differences in the behavior of the volume-dependent pressure increase, which is characterized by the parameters PE, and PE2 (Table 3 ) do, however, exist. From the results presented in Table 3 , it follows that PE1, PE2, and also VPIe and Per may be considered as the parameters showing significant difference between the two groups of patients we investigated. On the other hand, the difference between such presently accepted characteristics of the PV relationship as the PVI and VPR for these two groups were not statistically significant. This confirms the fact that the PVI and VPR cannot be considered as universal quantitative characteristics of the PV relationship, at least for all forms of intracranial pathology.
Furthermore, from a comparison of the results of the two groups it follows that PE1, defining the change of Ap/AV as V increases, is higher for subtentorial pathology. At the same time, PE2 is larger in patients after the removal of parasellar tumors. Qualitatively, this means that resistance to the displacement of liquid components from the cranium with subtentorial pathology increases more sharply as CSF pressure increases, and disturbances of adaptation mechanisms with the increase of CSF pressure are more pronounced. However, at low values of intracranial CSF pressure, the volume compliance becomes less after the excision of parasellar tumors. It is very possible that this difference is due to a somewhat lowered compliance of the brain itself in patients after the removal of tumors from the basal region.
The data obtained by us from the two groups of patients, in a postoperative period without complications and with a favorable outcome, testify to the following results which we believe to be important. As can be seen from Table 3 , the mean baseline CSF pressure in patients of the first group was, on the average, only about one-half of that in the patients of the second group (P1/P2 = 0.61), whereas for these pressures the mean slope of the PV characteristic was approximately the same, namely El/E2 = 0.99. The standard errors from these values (SEM) are not large. Note that the differences between PE~ and PE2 are statistically significant for both the groups. Therefore, the value of the (AP/AV) or E~ at a mean baseline CSF pressure can be considered in the statistical analysis as an invariable factor in the craniospinal system (Fig. 2) . Thus, the hypothesis may be put forward that, in a not very serious type of intracranial pathology, one of the important stabilizing parameters of the intracranial system is the slope of the PV characteristic at a mean baseline CSF pressure, or the baseline volume compliance (AV/AP).
The estimation of parameters PE1 and PE2 in defining the state of a given intracranial system has practical importance. In particular, these parameters constitute the basis for determining intensive dehydration therapy. It is known that this therapy (infusion of glycerin or mannitol) can evoke an unfavorable effect on the hematoencephalic barrier and ionic homeostasis. The values of PE~, PE2 (or Ec) found by the PV test in our patients formed a basis for excluding dehydration therapy from the complex of treatments, which was decided beforehand (Fig. 2) . As a result, it was replaced by other treatments, such as administration of dextran or glucocorticoid.
We should like to note that the PV test data may also have other uses. As follows from the examples given in Fig. 3 , information about the PV slope (or PE1 and PE2 parameters) may be used for choosing the type of treatment necessary to correct the PV relationship, in lowering intracranial hypertension, and in other aspects of intensive care. Furthermore, modern monitoring and measuring systems in the clinical setting permit the control of CSF pressure. The results of a PV test used in the investigation of the intracranial system adaptation and the diagnosis of its pathological condition can be applied simultaneously for obtaining information about volume redistribution in the cranial cavity. From Fig. 4 , it is seen that additional information about the PV characteristic makes it possible to evaluate intracranial volume changes (redistribution of the cranial contents).
The theoretical aspects of the study of intracranial volume compliance deserve attention, because our interpretation of the data obtained is based on concepts that differ somewhat from those usually accepted. The characteristics of the craniospinal system and the parameters introduced for the description of The CSF withdrawal effect. Initially, PE~ = 0.210 ml -t, PE2 = -0.56 mm Hg/ml, P = 19.0 mm Hg; after withdrawal, PE~ = 0.128 ml -~, PE2 = -0.31 mm Hg/ml, P = 5.8 mm Hg. b: The effect of mannitol administration. Initially, PEt = 0.058 ml -t, PE2 = 1.324 mm Hg/ml, P = 6.3 mm Hg; after administration, PEt = 0.135 m1-1, PE2 = 0.09 mm Hg/ml, P = 3.6 mm Hg. The circles correspond to the initial (pretreatment) and to the fmal (posttreatment) states. Arrows indicate the directions of the changes in pressure and in ti',~ EP dependence resulting from the treatment. The dashed line designates the calculated norm according to the data of Katzman and others; 4,2~ the PVI = 25 ml, so PEt = 0.092 ml -t, and PE2 -0.0 mm Hg/ml. its behavior in response to volume changes are usually considered to reflect the biomechanical elastic properties of the contents of the craniospinal cavity. In this connection, such terms as "elastance," "compressibility," "compliance," and "elastivity" are used in the literature, 12,~~176 concepts that are borrowed from the mechanics of deformed bodies.
The passive processes of deformation of the brain and other intracranial structures as well as hydraulic processes, of course, are reflected by volume redistributions in the cranial cavity, and are one of the links in the redistribution process. At the same time, from the results of our studies of living brain) s it follows that the elasticity (or viscoelasticity) of the living brain tissue (that is, recovery of form after the load is lifted) is influenced essentially by forces external to the brain tissue itself; recovery is determined by the work of Volume changes V are calculated relative to the intracranial blood volume for the same patient, at a mean CSF pressure Pmin = 9.4 mm Hg, PE~ ---0.158 ml -l, PE2 = -1.382 mm Hg/ml. Arrows indicate the beginning and the end of the test. A difference in the changes V and P can be seen.
these external forces in combination with the arterial pressure and with the state of vascular tone. Brain deformation works against these forces; that is, the elasticity observed is not that of "porous" tissue in the proper sense of the word. In addition, the compliance of living brain tissue depends not only on the arterial pressure but to a considerable extent on the venous pressure and venous outflow. In fact, a considerable contribution to the volume compliance alterations of the brain tissue itself, as is seen from the results of investigations,18 may take place only with acute swelling, or brain edema.
It is clear that no change of pressure in response to a change of volume in a relatively closed system is connected functionally with a manifestation of only its passive elastance. We may take as an example the vascular bed of blood circulation. Here, the mean arterial pressure during changes of the circulated blood volume (such as by an infusion or a blood transfusion) is dependent to a significant measure on regulatory mechanisms.
In our opinion, pressure alterations inside the cranium as a response to volume changes do not only depend on the passive displacement of fluid from the cranial cavity and elastic properties of the biostructures contained in the craniospinal system. That is, they do not depend solely on the factors characterizing passive elasticity (compliance) of the biomechanical intracranial contents, including the brain tissue "elasticity." From the results of the mathematical calculations given in the Appendix, it follows theoretically that Ap/AV = l~c + PEa • (P -P0. It should be noted that a volume introduced during the PV test is small in comparison with the total capacity of the craniovertebral cavity. It is unlikely from the biomechanics of deformable bodies that, for such small deformations, nonlinear properties expressed by the exponential PV relationship of the craniospinal contents, as a passive, deformed biomechanical system, will be manifested. Figure 5 illustrates variations of some physiological parameters in the process of volume changes in the cranial cavity during the PV test. It is seen that the changes in the amplitude of cerebrovascular pulsation of the intracranial CSF pressure are similar to the same changes due to vasodilation under CO2 loading. From Fig. 5 , it is also seen that certain, as a rule insignificant, changes take place in pulse frequency. Changes are also observed in some other physiological characteristics of the functional state of the brain, and in cerebrovascular tone, including changes in brain activity seen on electroencephalography. 21 The conclusion about the decisive role of physiological regulation systems in the behavior of the PV characteristic has been drawn from the analysis of numerous data obtained in experiments with animals and in clinical research.l, 6, 7, 9, 13, 19 The physiological parameters during the PV test change linearly with changes of CSF pressure (Fig.  5) . It should be noted that the nonlinearity of the PV curve, taking the form of an exponential curve, underlies the linear dependence of Ap/AV on P. Therefore, the linear changes of AP/AV with P (term PE1 • (P -P~)) may be considered as a consequence of the action of physiological mechanisms, and E~ as a measure of the baseline viscoelastic properties of the intracranial system.
We affirm that the dependence of the established mean pressure (or level of pressure) responses to an additional volume introduced into the intracranial spacew is conditioned mainly by active regulatory mechanisms of the intracranial system and physiological systems connected with it. The volume compliance concerned is, therefore, the active volume compliance which is not reciprocal to the passive bulk modulus 3 (or bulk elastance 13) of the cranial cavity contents.
In our opinion, the mechanisms that play the main role in volume-dependent changes in the intracranial CSF pressure and PV relationships in the cranium are control mechanisms. These mechanisms of the central nervous system, together with regulation of vascular tone and cerebral hemodynamics, and in some measure CSF dynamics, are the mechanisms that tend to provide normal conditions for brain function and metabolism.
Appendix
From the expression given in the Theory section, AP/AV = a x P + b, we may proceed to the infmitesimal and write the differential equation: dP/dV = a • P + b. Integrating the equation, we obtain ~ P dP ln(a • P + b) V = , whence V --+ const axP+b a laln and --------g ---axP.
Finally, P(V) ---(Pin + b/a) • e axv --b/a. Here, a and b are parameters characterizing the PV relationship of the intracranial system or the dependence between the mean intracranial CSF pressure P and the slope E of the PV characteristic. In what follows, these two parameters (indices) will be designated also by PE1 and PE~, respectively. So, we have obtained the dependence of the CSF pressure on the value of the additional intracranial volume, from which in particular at b = 0 we have P(V) = Pin x exp(a • V) or P(V) = Pin X exp(PEa X V). It may be seen that the PVI introduced by Marmarou I~ and PEa are connected by the relationship PVI = lnl0/PE1, which is, howw As pressure increases by 10 mm Hg, 1 cc of water or biostructures decrease in volume by approximately (0.5 to 1.0) • 10 -6 cc. To compress 2000 ml of these components by 1 ml, about 25 to 30 atm is necessary. ever, valid only at PE2 ---0. At a sufficiently small PE1 (a ~ o) and PE2 # 0, the characteristic is some nearly linear function, of the form P(V) = Pin + PE2 X V.
Thus, the formula obtained by us can be used for approximation of a wide class of PV characteristics and for the calculation of corresponding parameters. The example in Fig. 1 illustrates the fact that this way of approximation gives a substantially smaller error as compared with other methods.
Further, if we denote the baseline value of the "elastance" of the intracranial system (AP/AV)c by Ec, then Ec = PEa x P~ + PE2. Here, Pc is also the baseline value of the CSF pressure. From this formula, it follows that PE2 = Ec -a x Pc. For other values of the pressure level (P), which differ from Pc, we have E(P) = PEa • P + PE2. After the substitution into this formula of PE2, we have E(P)--PEt•162162 or (AP/AV) = (AP/AV)r + PE~ x (P -Pc).
